1. Respiratory Function of the Larynx
=====================================

\"Breathing is a double blessing:

Drawing air, and its release;

First beset, then comes refreshment;

The wonders of this life are mixed\...\"

*Johann Wolfgang v. Goethe*\[[@R1]\] [(Fig. 1)](#F1){ref-type="fig"}

The normal function of the human larynx not only produces vocalization and affords aspiratory protection, it also ensures the free passage of the respiratory gases \[[@R2]\], \[[@R3]\]. The glottis, as a physiological narrowing of the airway \[[@R4]\], \[[@R5]\], \[[@R6]\], can adapt its opening cross-section dynamically to various respiratory situations. A healthy larynx ensures correctly timed closure of the central airways during coughing, lifting or applying abdominal pressure \[[@R7]\].

Congenital and acquired stenosis of the laryngeal lumen and bilateral glottic motility impairments affect respiratory function profoundly, as do inspiratory collapse states.

The objective of successful laryngeal reconstruction procedures in terms of respiratory function is recovery of sufficient transglottic respiratory gas passage.

The spectrum of reconstructive procedures is broad, including stabilization of collapsed segments and dilation or reconstruction of stenotic laryngeal segments as well as organ transplants, reinnervation and remobilization of the paralyzed larynx. Vollrath\'s paper, delivered in the 1999 discussion report of the German Society for ENT Medicine, Head and Neck Surgery, provides an overview of all relevant causes of laryngotracheal stenoses in children \[[@R8]\]. The focus of the following text is a summary of the current therapeutic options for young and adult patients with the emphasis on reconstructive methods.

2. Stabilization
================

In respiration, the larynx is subjected to alternating pressure. The negative inspiratory pressure may result in soft tissue being sucked into the laryngeal lumen. Glottis and subglottis are protected from inspiratory collapse by the thyroid and cricoid cartilages. However, inspiratory instability attains to clinical significance in the area of the supraglottis. Neonates and small children up to up to 12 months of age are affected most frequently \[[@R9]\], \[[@R10]\], \[[@R11]\], \[[@R12]\], \[[@R13]\], \[[@R14]\], \[[@R15]\]. Jackson first used the current term *laryngomalacia* \[[@R16]\] for this clinical picture, which used to be designated in terms of its primary symptom, i.e. \"*congenital stridor*\".

Laryngomalacia may occur synchronously with a pharyngeal collapse in conjunction with obstructive sleep apnoea syndrome (OSA) \[[@R17]\], \[[@R18]\], \[[@R19]\]. Collapse of the supraglottis only in the area of the false vocal cords has also been observed in adults as a cause of sleep-related obstruction.

Patients in whom suction of the aryepiglottic cord or obstruction of the laryngeal opening by the epiglottis only occur during physical exertion are subsumed in Anglo-Saxon countries under the term *exercise-induced laryngomalacia*\[[@R20]\], \[[@R21]\], \[[@R22]\], \[[@R23]\]. This must be clearly differentiated from the clinical picture of *vocal cord dysfunction*(VCD), in which the airway obstruction is localized in the glottic area and a psychogenic cause is assumed \[[@R24]\], \[[@R25]\].

The term laryngomalacia suspects a softening in the sense of an immaturity of the laryngeal skeleton. If this assumption were true, premature infants would be expected to show a higher incidence of laryngomalacia than full-term infants. Belmont \[[@R26]\] refuted this notion. The typical endoscopic picture of this condition is also observed, albeit rarely, in older children and adults \[[@R27]\], \[[@R28]\], \[[@R29]\]. More recent findings suggest a multifactorial process. Current histological investigations of morphological correlates to \"laryngomalacia\" tend to point towards submucosal oedema and lymphangiectasis \[[@R30]\]. The literature frequently describes induction of the mucosal oedema by a laryngitis or gastrooesophageal reflux (GER) \[[@R31]\], \[[@R32]\], \[[@R33]\]. The discussion concerning the contribution of reflux to the causality of chronic laryngitis is currently en vogue but has not as yet reached any conclusions \[[@R34]\], \[[@R35]\], \[[@R36]\], \[[@R37]\]. A high level of coincidence and mutual negative influence are among the undisputed contentions \[[@R26]\], \[[@R38]\], \[[@R39]\], \[[@R40]\].

It may be that the mucosal changes are only a secondary consequence of the higher level of mechanical stress applied when the supraglottis collapses upon inspiration due to a reduced muscular tone. Analogous changes have been confirmed in the area of the uvula in cases of obstructive sleep apnoea \[[@R19]\]. The high coincidence of neuromuscular disorders and additional airway stenoses in affected children has been confirmed \[[@R13]\], \[[@R41]\], \[[@R42]\], \[[@R43]\], \[[@R44]\], \[[@R45]\], \[[@R46]\]. Some authors consider that the neurological disease itself may be the cause of the laryngomalacia \[[@R26]\], \[[@R47]\], \[[@R48]\], \[[@R49]\]. The example of an 11-year-old boy with the full endoscopic picture of a laryngomalacia after a pons infarction is cited in support of this idea \[[@R50]\].

The prognosis of laryngomalacia cases in infancy is generally favourable. Therapeutic intervention is required in 20% of cases with pronounced stridor, inhibited gas exchange or failure to thrive \[[@R51]\], \[[@R52]\]. In milder courses, a spontaneous improvement of the symptoms is observed by the end of the second year of life in most cases. In individual cases, support in the form of continuous positive airway pressure (CPAP) may be helpful \[[@R53]\].

The introduction of laser surgery in treatment of laryngomalacia has been a decisive factor in reducing the number of tracheotomies required in pronounced cases \[[@R11]\], \[[@R14]\], \[[@R54]\], whereby in some individual cases, especially in children showing neuropathologies, tracheotomy is the sole remaining therapeutic option.

2.1 Pneumatic dilatation (CPAP)
-------------------------------

Analogously to the procedure for pharyngeal obstruction, \"pneumatic stenting\" of the airway lumen in the form of maintenance of continuous positive airway pressure (CPAP) during inspiration and expiration can prevent soft-tissue collapse in the supraglottic region. In milder courses of laryngomalacia requiring only occasional airway stabilization, and in cases of combined pharyngeal collapse, such respiratory support with single-phase or bi-phase positive airway pressure (BiPAP) does represent a therapeutic option \[[@R15]\], \[[@R55]\], \[[@R56]\]. The phase of weaning from the respirator in particular in previously respirated children can be positively influenced by the respiratory support of CPAP \[[@R57]\], \[[@R58]\].

The efficacy of the procedure should be visualized endoscopically, since a pre-existing valvular mechanism in some patients can be exacerbated by CPAP, also worsening the symptoms.

The positioning of infants with laryngomalacia also influences the degree of airway obstruction. Reclining of the neck and avoidance of dorsal positioning reduce the risk of obstruction \[[@R59]\], \[[@R60]\]. However, if there is an existing tendency towards reflux, the ventral position must be avoided due to the risk of reflux-induced glottic spasm. Jeffery \[[@R61]\] sees a possible cause of sudden infant death syndrome (SIDS) in glottic spasm.

2.2 Microsurgery
----------------

The introduction of surgical intervention (supraglottoplasty) in treatment of laryngomalacia by Lane facilitated treatment of severe forms and reduced the number of cases in which a tracheotomy is considered unavoidable \[[@R51]\]. Current review studies confirm a positive influence of surgical intervention on airway collapse \[[@R14]\], \[[@R54]\], \[[@R62]\], \[[@R63]\]. As Vollrath also mentions, this procedure can spare parents \"torturing months of waiting for spontaneous normalization of breathing\" \[[@R14]\].

Microsurgical supraglottoplasty, later termed *epiglottoplasty*by Cotton et al. \[[@R64]\], comprises essentially the excision of excessive mucosal tissue in the area of the arytenoid cartilage, the aryepiglottic cord and the lateral epiglottis. Also described are the incision of the aryepiglottic cords and epiglottopexy. The introduction of the laser enhanced the microsurgical character of the reconstructive treatment of laryngomalacia \[[@R65]\], \[[@R66]\]. The procedure does not involve a significant risk of occlusion due to swelling and can thus be performed without tracheotomy.

In children with an additional airway stenosis or pharyngeal collapse, however, therapeutic failure is likely \[[@R15]\], \[[@R55]\]. Such a complex collapse is also known as a *discoordinate pharyngolaryngomalacia*(DPLM) or *pharyngeal wall inspiratory collapse (PWIC)*, underlining the necessity of thorough diagnostic endoscopy of the entire airway \[[@R42]\], \[[@R67]\], \[[@R68]\], \[[@R69]\], \[[@R70]\], \[[@R71]\], \[[@R72]\].

Holinger was the first to classify the polymorphic endoscopic findings in laryngomalacia \[[@R66]\]. Frequent occurrence of several different coincident findings defies classification under one of the five types. The indication for therapeutic intervention in laryngomalacia is derived from a clinical score worked out by Shah, which considers medical history data (stridor, reflux, aspiration, weight development and age of the child as well as neurological status) in addition to the laryngoscopic findings \[[@R44]\].

The algorithm acc. to Werner \[[@R54]\] appears to us best suited to clinical practice, since it matches the main endoscopic finding in each case to a concrete surgical procedure (see Table 1 [(Tab. 1)](#T1){ref-type="fig"}).

In practice, laser resection of hyperplastic mucosal segments is of greatest significance, since these tissues are the main cause of obstruction in 80% of cases \[[@R54]\]. Incision of shortened aryepiglottic cords and removal of enlarged cuneiform cartilage are also readily realized with laser surgery techniques \[[@R14]\].

Individual cases involving isolated suction of the epiglottis may necessitate its anterior fixation. Laser de-epithelialization of the median segments of the linqual epiglottis and corresponding retrolingual region as initiated by Werner, followed by wound margin suturing, facilitates a gentle epiglottopexy that is at first secured by the suture and later by the resulting synechia \[[@R11]\]. All three of these microlaser surgical procedures for laryngomalacia can be realized alone or in combination, depending on the specific findings.

3. Dilation
===========

Congenital stenoses, tumors and deformities of the larynx are very rare. Since the extensive work published by Vollrath (1999) on childhood laryngotracheal stenoses \[[@R8]\], the literature has not revealed anything essentially new. This paper is focused on reconstructive methods applied in acquired laryngeal stenoses in children and adults.

On the one hand, the frequency of acquired glottic stenoses has dropped due to tube pressure applied in long-term translaryngeal respiration with improvement of the tube material and early laryngeal relief by tracheotomy. On the other hand, bilateral glottic motion impairment in connection with surgery of the neck and upper mediastinum remain a therapeutic challenge \[[@R73]\] worthy of separate consideration here.

3.1 Conventional surgery
------------------------

Open laryngeal surgery methods are now of little relevance in cases of bilateral vocal cord motion impairment. In the international literature, Jackson (1922) is considered the father of glottis-dilating surgery \[[@R74]\]. It is less widely known that Pieniazek performed glottis surgery in bilateral vocal cord paralysis in *Krakau*beginning at the end of the 19^th^ century \[[@R75]\]. The first endoscopic arytenoidectomy on record was performed by Thornell (1948) \[[@R76]\]. Laser surgery employing surgical microscopy is now the procedure of choice (see chapter 3.2).

However, conventional surgical methods are still used in treatment of acquired stenosis of the glottis and subglottis. As in laryngomalacia, the decisive indicative factor here is an accurate diagnosis. Evaluation of therapeutic success is only possible based on comparable assessments of the degree of stenosis over the course of treatment. The changes revealed by functional respiratory diagnostics in cases of low and medium-grade stenosis are not characteristic. The measured parameters only deviate significantly from normal in high-grade stenosis \[[@R77]\], \[[@R78]\], \[[@R79]\]. Spirometry, and in particular the flow-volume curve, is the method best suited for evaluation of respiratory function \[[@R80]\]. Other causes of respiratory insufficiency (secondary stenosis, obstructive bronchitis, gas exchange deficiency) overlap with the laryngeal stenosis. Isolated measurement of laryngeal airway resistance requires either an invasive procedure \[[@R81]\] or an existing tracheostoma \[[@R82]\].

A selective functional evaluation of laryngotracheal stenoses will be possible non invasive with methods of the finite element simulation. We are currently using a method of *in situ*measurement of airway resistance we developed independently of Wassermann \[[@R83]\], employing the working channel of the bronchoscope and a rhinomanometer.

The clinically established *Cotton classification*\[[@R84]\] is still the basis for endoscopic assessment of the stenosis grade, especially in cricoid stenoses in children.

In our view, however, the subjective estimation of the stenosis grade on which the severity classification is based presents problems. The estimation of stenosis grade from 50% to 71% is the basis for classification in grades I to IV. We know from our own experience that the degree of accuracy implied here is not attainable in practice. Error statistics for gastroenterological endoscopy-based ulcus and polyp size estimates are helpful here \[[@R85]\]: The statistics reveal deviations of up to 110 %.

Our *ENDOSCAN* method makes it possible to achieve objective and reproducible endoscopic measurement of a stenosis with classification according to Cotton grade and monitoring of therapeutic success \[[@R79]\], \[[@R86]\], \[[@R87]\], \[[@R88]\].

The main therapeutic options include bouginage, laryngofissure and cricotracheal resection (CTR). Chapter 4 addresses the reconstructive method. Publications by Vollrath and Schulz-Coulon \[[@R8]\], \[[@R89]\] contain an extensive and still current presentation of all conventional surgical methods used in treatment of childhood laryngeal stenoses. The principles applied to childhood cases are basically confirmed in adults as well.

In our experience, bouginage as the sole approach to stenosis treatment is also unsuitable in adults. Discussions of the dilation procedure in the literature are marked by controversy \[[@R90]\], \[[@R91]\], \[[@R92]\]. In general, rapid recurrence of the symptoms can be expected, as well as, in unfavourable cases, pronounced granulation due to mucosal tearing during bouginage. The combination with endoluminal laser incision results in a much larger dilation of the lumen, whereby granulation during wound healing remains a severe therapeutic problem nonetheless. Local application of corticosteroids \[[@R93]\], \[[@R94]\], growth factors \[[@R95]\], \[[@R96]\] and mitomycin C, which latter aims to reduce fibroblast proliferation by inhibiting DNA and protein synthesis and is a subject of intense current discussion in the literature \[[@R97]\], \[[@R98]\], \[[@R99]\], \[[@R100]\], \[[@R101]\], cannot prevent granulation in every case. Avoidance of circular mucosal defects should be a generally applied principle (star incisions).

The increase of the glottis gap achieved with dilatators usually requires stabilization by means of internal stenting. Stenting of the glottis is hardly an acceptable long-term method due to loss of voice and a tendency to aspirate. Subglottic stenting may be useful in individual cases. Problems include the risk of dislocation and the risk of secondary frictional damage to the glottis.

As a rule, definitive external surgical treatment is the only method that can promise permanent healing. The combination of bouginage and temporary stenting can, however, give the patient valuable time by delaying the necessity of tracheotomy, which can then in most cases be performed after 6 months when the submucosal inflammatory reaction has abated \[[@R102]\], \[[@R103]\]. Stent tolerance, the individual surgical risk, as well as patient compliance and willingness to undergo surgery, are among the factors that influence the decision to perform definitive interventional surgery.

Among open surgical methods used in treatment of acquired laryngeal stenoses there is a trend towards resection, even including removal of parts of the cricoid cartilage within the framework of cricotracheal resection \[[@R104]\]. This development is explained by the much shorter therapeutic periods and good results obtained with this approach. The risk of damage to the recurrent laryngeal nerve can be kept to a minimum, even in CTR, by knowledge of the anatomical course of this nerve in the area of the cricothyroid joint and use of intraoperative neural monitoring \[[@R105]\]. To prevent recidivation of the stenosis, the resection procedure must be carried out decisively so as to facilitate anastomosis of healthy mucosa. The calibre difference between the trachea and subglottic lumen can be balanced out in CTR by means of an angled incision in the segment with the smaller lumen \[[@R106]\].

Temporary stenting of the anastomosis is not usually required. In adults, the lumen to be anastomosed no longer has a round cross-section (as do the available stents). For this reason alone, use of a stent reduces the effective airway cross-section and presents a risk of secondary mucosal damage. Current animal experiments corroborate these experiential clinical data \[[@R107]\].

3.2 Laser surgery
-----------------

Scar flaps and adhesions (synechias) in the glottic region are the domain of laser surgery \[[@R108]\], \[[@R109]\]. Problems are still caused by synechias in the area of the anterior commissure. The risk of recurrence is high, besides which the loci of these findings are not always readily accessible with the CO~2~ laser device.

To help prevent recurrence, direct contact with non-epithelialized wound surfaces must be avoided. An intervening plastic quill inserted through a laryngofissure has been the gold standard. Now, slitting of the stenosis with transoral introduction of a separating foil is reported as an outpatient procedure \[[@R109]\]. In such cases, we use a silicone foil, held in the anterior commissure by means of a transcutaneous fixation suture. The effectiveness of local mitomycin application in reducing excessive granulation \[[@R101]\] and mucosal patch transplantation to cover the epithelial defect \[[@R110]\], \[[@R111]\] cannot yet be assessed with any finality. Fixation of the small mucosal islands by means of *laser welding*is certainly an interesting innovation \[[@R112]\].

Anterior scar flaps and synechias that cannot be sharply focused in microlaryngoscopy \[[@R113]\], \[[@R114]\], \[[@R115]\] can be clearly imaged by means of endoscopy under local anaesthesia \[[@R116]\], \[[@R117]\] or general anaesthesia through a laryngeal mask \[[@R118]\], \[[@R119]\], \[[@R120]\], \[[@R121]\]. If the locus is accessible with a laser fibre pushed through the working channel of the endoscope, a KTP laser can reportedly be used as an alternative to the CO² laser to sever these structures \[[@R122]\]. We ourselves have achieved highly satisfactory results to date in 4 cases with flexible endoscopic laser ablation of scar flaps using the laryngeal mask and a diode laser.

Currently the most important field of application for laser techniques in glottis-dilating surgery is symptomatic treatment of (chronic) bilateral *vocal cord motion impairment*. The term, established by Kashima and Benjamin \[[@R123]\], \[[@R124]\], is important for its lack of the implied etiological interpretation, which would require further diagnostics, of the term normally used in the German literature: \"bilateral paralysis of the recurrent laryngeal nerve.\" The parenthetically mentioned chronicity, as well as the functional reference, emphasize the necessity of treatment.

Since the publications of Ossoff and Eskew at the beginning of the eighties, use of the CO~2~ laser has been firmly established in surgery of bilateral vocal cord paralysis \[[@R125]\], \[[@R126]\], \[[@R127]\], \[[@R128]\], \[[@R129]\], \[[@R130]\], \[[@R131]\], \[[@R132]\], \[[@R133]\], \[[@R134]\], \[[@R135]\], \[[@R136]\], \[[@R137]\], \[[@R138]\], \[[@R139]\], \[[@R140]\], \[[@R141]\], \[[@R142]\], \[[@R143]\], \[[@R144]\], \[[@R145]\], \[[@R146]\], \[[@R147]\], \[[@R148]\], \[[@R149]\], \[[@R150]\], \[[@R151]\]. Combined use of microscope and laser facilitates a microsurgical procedure that spares the healthy tissues of the larynx \[[@R152]\], \[[@R153]\], \[[@R154]\]. Compared to open surgery, postoperative laryngeal swelling and occlusion with respiratory relevance are rare, so that the procedure is normally possible without tracheotomy.

The introduction of laser surgery made possible both Thornell\'s arytenoidectomy and submucosal cordectomy, already familiar as an open surgical approach \[[@R128]\], \[[@R129]\], \[[@R132]\], \[[@R139]\], \[[@R143]\].

It is important to note that an arytenoidectomy always involves temporary aspiration \[[@R139]\] as well as in some cases a life-threatening risk of haemorrhage \[[@R155]\]. In our experience, patients at high risk for aspiration (chronic pulmonary diseases, immunosuppression, expectoration deficit) should not be considered for this procedure. Examination of axial CT section of the larynx at level of the glottis reveals that the arytenoid cartilage, ideally shown in some surgical textbooks as extending into the glottic lumen, in fact usually rests on the cricoid cartilage, whereby only the processus vocalis extends into the lumen of the cricoid cartilage. No wonder Eckel\'s morphometric examinations concluded that vocal cord resection increases the glottic cross-section more than removal of the arytenoid cartilage by a factor of 4 \[[@R5]\].

The current trend towards favouring vocal cord intervention procedures is understandable on the basis of these observations. The best-known method, *posterior cordectomy*, was developed by Dennis and Kashima \[[@R130]\]. The authors achieved an atraumatic glottis dilatation in the initial cases by means of a C-shaped resection in the posterior quarter of the vocal cord - originally without exposing the processus vocalis. However, their first publication of the method also mentioned the option of treating the opposite side as well after a given interval if improvement was insufficient. The same effect can be achieved by *transverse cordotomy*according to Kashima \[[@R123]\] or the separation of the vocal cord from the processus vocalis designated by Rontal and Rontal as *muscular tenotomy*\[[@R156]\]. Relaxation of the vocal cord results in a comparable excavation of the posterior vocal cord with a favourable approximation of the vocal cords in the anterior segment. This finding in particular is interpreted as an advantage of the method as regards the preservation of vocal quality. In practical terms, however, successful posterior dilation results in a phonatory air loss with typical aspiration and shortened tone duration \[[@R157]\].

In our experience, the posterior excavation situation as described is a brief episode. During the first two weeks following surgery, fibrin layers can form so as to restore, or even exacerbate, the respiratory situation as compared to preoperative status. If the effects are relevant in respiratory terms, these layers must be removed and patients require a close monitoring during this phase. In the further course of healing, shrinkage of the wound surface results in a favourable blunt pull on the vocal cord, which had initially deviated in the anterior direction, finally resulting in a scarified fixation of the vocal cord in a more lateral position. If the opening angle thus achieved is large enough, a satisfactory balance between respiratory and vocal functionality is usually achieved. The literature describes numerous variants of the Dennis-Kashima technique \[[@R136]\], \[[@R138]\], \[[@R140]\], \[[@R141]\], \[[@R158]\] involving enlargement of the incision or excision to enhance the effect of the operation. In the *median arytenoidectomy*described by Crumley (involvement of the processus vocalis in the posterior excision), the option of a bilateral procedure to counter insufficient efficacy is mentioned \[[@R136]\]. Such an assessment would suggest the insufficiency of the unilateral surgery in bilateral vocal cord paralysis.

Further variants that also fail to provide a satisfactory solution include complete arytenoidectomy and posterior cordectomy \[[@R159]\], as well as subtotal arytenoidectomy with incision of the posterior vocal cord and the vestibular ligament \[[@R147]\].

An approach that has received less attention in clinical practice to date is *submucosal cordectomy*using laser surgery techniques \[[@R128]\], \[[@R129]\], \[[@R132]\], \[[@R139]\], \[[@R143]\], \[[@R145]\]. This method, repeatedly recommended in Germany by Eckel, follows up on the good results obtained with classic open surgery according to Hoover \[[@R160]\] and resection of the vocal cord muscle performed endoscopically by Kleinsasser in combination with arytenoidectomy, preserving the covering mucosal layer \[[@R161]\], \[[@R162]\] and adding the advantages of modern microlaser surgery. In the morphometric studies mentioned above, Eckel demonstrated that a much greater degree of glottis dilatation can be achieved with submucosal resection of one vocal cord than with posterior cordotomy or arytenoidectomy. The clinical results obtained by Eckel and Reker confirm this theory. Tone duration is shortened compared to results obtained with posterior cordectomy \[[@R157]\]. This observation should, however, be considered evidence of a better glottis-dilating effect. Dysphagia and aspiration, as seen with arytenoidectomy, were not observed.

Presumably, it is the predominant opinion that the anterior portions of the glottis are the key loci for phonation that makes it difficult to accept a non-carcinomic indication for glottis-dilating surgery with involvement of parts of the anterior vocal cord. Phonation requires a tensing of the vocal cord, analogous to the string of a musical instrument. In our view, resection of a muscle insert by removing the arytenoid cartilage or in posterior cordectomy / tenotomy will render harmonic vibration of the vocal cord impossible. Studies by Jiang and Titze with animal models focusing on the canine hemilarynx \[[@R163]\] have confirmed that an intact connecting zone between the vocal cord and arytenoid cartilage is just as important as the status of the ligamentous structures. A review of voice quality results post oncologically indicated cordectomy \[[@R164]\], \[[@R165]\], \[[@R166]\] clearly shows that anterior resection, with formation of a cicatrized neoglottis, can also provide a basis for an acceptable level of residual vocal function. If the objective of surgery in bilateral vocal cord paralysis is a pronounced improvement in respiratory function, this may justify extending laser resection of the vocal cord in the anterior direction. In contrast to tumor surgery, the epithelial cover of the vocal cord can be spared for the most part in such cases, thus reducing the risk of synechias, whereby at the same time vocal quality will tend to suffer more from aspiration through the open glottis.

3.3 Suturing techniques
-----------------------

The suturing technique familiar from open surgery of lateralization of the vocal cord was initially also applied combination with endoscopic glottic dilation. Kirchner used the suturing technique in addition to electrosurgical ablation of the edge of the vocal cord \[[@R167]\] and Remsen used suturing to stretch the residual vocal fold laterally following subligamentous resection of the vocal cord tissue \[[@R129]\].

Lichtenberger took a different course entirely. He worked out the principle of *reversible endo-extralaryngeal laryngomicrosurgical lateralization (REExL)*, whereby lateralization of the vocal cord is realized by means of one or more suture loops spanning the mucosa of the posterior segment of the vocal cord and the thyroid cartilage \[[@R168]\], \[[@R169]\], \[[@R170]\], \[[@R171]\], \[[@R172]\], \[[@R173]\], \[[@R174]\].

This technically complex suturing procedure above and below the vocal cord, and from endolaryngeal towards the periphery, is facilitated by a suture needle holder of his own devising \[[@R168]\]. In principle, the same suturing technique can also be realized using atraumatic suture material and a long, straight needle or a lumbar puncture needle as a trocar, as currently described by Mathur et al. \[[@R175]\].

The decisive advantage of this procedure is its reversibility, giving it a special place among the therapeutic options reviewed here. Whereas the methods described up to this point can only be applied following a sufficient recovery period to allow for functional recovery of the recurrent laryngeal nerve or early assessment of vocal cord motion impairment as permanent, a reversible laterofixation can be performed without delay.

Both of the preconditions for irreversible surgical procedures are fraught with practical difficulties: The length of the recovery period required for recovery of vocal cord function following paralysis of the recurrent laryngeal nerve varies widely from patient to patient. Whereas general practice foresees a chance of recovery within the first year, a current prospective study by Jamski et al. covering 100 patients over a period of 3 years revealed occurrence of functional reinnervations within a period of from 3 to 24 months after onset of the paralysis \[[@R176]\]. With the help of regular laryngeal EMG monitoring, an assessment leading to a prognosis that functional recovery is unlikely to occur is feasible after 9 months according to Schneider et al. \[[@R177]\]. While this may be true in the hands of this experienced working group, laryngeal EMG is not available at every facility. According to the working group in Erlangen, a one-time EMG examination arrives at a correct diagnosis in only 78% of cases. According to a current paper published by Munin et al., a clinically relevant prognosis that functional recovery will not occur is less certain than an expected functional recovery \[[@R178]\]. The publication by Munin confirms our own experience, i.e. that the fibrillations considered to be reliable neurological signs of an unfavourable prognosis are not always detectable in the vocalis muscle, and that spontaneous activity need not be classified as pathological in every case.

The method of transoral vocalis EMG in widespread use in Germany employing*hooked-wire electrodes*as leads \[[@R179]\] is based on a strictly localized assessment of muscular activity at the needle insertion point. A systematic analysis of the entire muscle is not possible. The results of transcutaneous needle lead EMG recording as favoured by Blitzer in New York are particularly reliable in cases in which no EMG potentials are detected \[[@R180]\], \[[@R181]\], \[[@R182]\]. The examiner can then be certain that the lack of potentials is not due to uncertainties deriving from the lead locus.

As is clear from the above presentation, the neural recovery time varies widely and prognosis remains uncertain at best. Medical histories contain only a very few cases in which the nerve has been severed on purpose, e.g. due to malignant disease.

Before we can make a final decision to perform an irreversible surgical procedure, the patient must be informed in detail concerning the actual circumstances and therapeutic alternatives and is called upon to contribute to the decision.

Within this decision-making context, temporary laterofixation of the vocal cord using the suturing technique according to Lichtenberger is a particularly interesting option. Especially in cases in which hope of rapid functional recovery or patient worries concerning the outcome of glottis-dilating surgery play a major role, and if the patient also rejects the tracheotomy as an interim solution circumventing the larynx, this is the recommended approach.

Lichtenberger himself mentions the possibility of the suture(s) being pulled right through the vocal cord \[[@R174]\]. In his view, this can only happen after prolonged endotracheal intubation has caused mucosal damage in the area of the laterofixation. In our experience, there is a general tendency for the sutures to behave in this manner. In most cases, the mucosal incision closes quickly over the suture, although this does not mean the function of the laterofixation is immediately neutralized. If a recovery of function parallels the reduction of the laterofixation effect, the suture can simply be removed. Otherwise, all of the options of glottis-dilating surgery remain open, besides which the patient can also still opt for a tracheotomy.

We do not offer this approach to patients with severe generalized diseases, obesity or pronounced secondary oedemas.

Assuming functional recovery is a concrete possibility, this procedure can be recommended to patients who have managed to get along for some time with bilateral vocal cord motion impairment and are very worried about the voice problems that can be expected to result from partial glottis resection surgery.

We do not see laterofixation as a permanent solution.

4. Reconstruction
=================

Laryngectomy may be the most reliable airway reconstruction method in cases of malignant disease of the larynx, but it is doubtless also the worst method in terms of quality of life. Due to modern developments in extensive transoral laser surgery resections, it is now much less frequently used \[[@R183]\], \[[@R184]\], \[[@R185]\]. Radiochemotherapy with the objective of organ preservation is now the more likely response to a hypopharyngeal carcinoma with a poor prognosis \[[@R186]\], \[[@R187]\], \[[@R188]\]. While it is true that even large residual defects after laser surgery of the tumor heal satisfactorily without plastic reconstruction, key functional regions such as the cricoid cartilage still require reconstruction \[[@R189]\].

*Laryngotracheoplasty*(LTP) according to Evans and Todd \[[@R190]\], \[[@R191]\], \[[@R192]\] is the oldest reconstructive procedure for treatment of cricoid cartilage stenoses in children. The zip-like opening of the laryngotracheal transition with involvement of the cricoid cartilage and internal stenting with a self-expanding silastic roll - Swiss roll - made it possible to adapt the method so as to minimize interference with the continued growth of the airway in childhood. Nonetheless, the stenotically cicatrized cartilage structures often made the incisions next to impossible and the dilation effect did not prove attainable in every case.

Cotton is credited with the further development of Rethi\'s laryngofissure technique \[[@R193]\] to include the interposition of costal cartilage into the ventral, and later dorsal, cricoid cartilage incisions \[[@R194]\]. This *laryngotracheal reconstruction*(LTR) method became the most commonly applied procedure. Additional lateral incisions were recommended in severe cases in which the cricoid cartilage lumen was nearly obliterated \[[@R195]\], \[[@R196]\]. The drawback to all LTR methods, particularly those involving dorsal rib cartilage implantation, remains the long-term stenting required for fixation of the cartilage and stabilization of the dilating effect in the presence of the tracheostoma.

A clear therapeutic advantage using the more frequently encountered ventral interposition was achieved with single-stage laryngotracheal reconstruction (SSLTR) according to Prescott. It was possible to close the airway in the same session by reconstructing the orificial region at the same time.

Under the impression of the good therapeutic results achieved with the resection procedures described in chapter 3.1, these reconstructing methods, and cricotracheal resection (CTR) in particular, have lost some of their pre-eminence in recent years. In a current publication, however, the Montgomery working group has once again lauded this technique for patients at high risk for a CTR. A new aspect in the group\'s approach is the use of autologous thyroid cartilage for interposition and a fixation technique for these dorsal cartilage implants that employs special pins. The decannulation rate, in 21 patients, was 95% \[[@R197]\].

Even extensive laryngeal or hypopharyngeal carcinomas adjoining the hemilarynx can now be resected using the methods of laser surgery. If the cartilaginous skeleton is affected, and in particular posterior cricoid cartilage segments, a vertical hemilaryngectomy may become necessary. Especially if laryngeal stenosis of relevant proportions develops, a concept for surgical reconstruction will have to be found.

A listing of current trends among the many methods discussed follows. Cansiz et al. report on reconstruction of the hemilarynx using a regional bone-muscle flap taken from straight neck musculature and the hyoid bone \[[@R198]\]. Of 17 patients undergoing this procedure, 2 required reoperation and one a laryngectomy. This method does not take into account the epithelial covering layer in the region of the laryngeal defect.

Delaere describes a number of new experimental and practical surgical approaches to this problem in his book, published in 2004: \"Laryngotracheal Reconstruction. From Lab to Clinic\" \[[@R189]\].

Promising approaches include in particular *composite graft*autotransplantation of microvascularly autonomized tracheal segments with preserved mucosal lining in reconstruction of the defective side of the larynx \[[@R199]\], \[[@R200]\], \[[@R201]\], \[[@R202]\], \[[@R203]\], \[[@R204]\], \[[@R205]\], \[[@R206]\].

Delaere describes autonomization of the cranial tracheal segment, realized by exposing the segment, then enveloping it with a radialis flap that has been microvascularly anastomosed within the framework of hemilaryngectomy in tumor cases. Following temporary coverage of the resection defect and bypassing of laryngeal function by means of tracheotomy and percutaneous endoscopic gastrostomy (PEG), the homolateral tracheal wall with its vascularized covering is moved cranially through the radialis flap into position in the laryngeal defect in a second step (after 3-4 months). This reconstruction technique, required in rare cases only, is more of a look into the future. It does become clear, however, that complex transplants comprising a supporting element, mucosal covering and surrounding vascularized tissue are what is needed for airway reconstruction.

An intact mucosal covering prevents formation of scar tissue and restenosis \[[@R207]\], \[[@R208]\], \[[@R209]\]. Cartilage that is autologous, either proliferated using the methods of *tissue engineering*or newly formed, gives the airway reconstruction the necessary form and stability \[[@R210]\], \[[@R211]\], \[[@R212]\], \[[@R213]\], \[[@R214]\]. Further advances can be expected in this area in the years to come.

5. Transplantation
==================

In a number of important organs, transplantation remains the method of last resort if no further reconstruction options are open. Kidney transplantation has become a routine procedure \[[@R215]\]. Nearly all transplantation centres now also perform lung and liver transplantations \[[@R216]\].

Why isn\'t this the case with laryngeal transplantation?

Development of a suitable larynx transplantation technique has been the object of an intensive search since the 1960s \[[@R217]\], \[[@R218]\], \[[@R219]\], \[[@R220]\]. Whereas the results of many larynx transplantations in rabbits, dogs and later other animal models were encouraging, successful transplantation of a human laryngeal skeleton was at first the sole preserve of the Belgian group working with Kluyskens in 1969 \[[@R221]\]. Transplantation of an entire human organ, including the necessary microanastomoses and postoperative immunosuppression, remained a hopeful vision until the work of the Cleveland Group under Marshall Strome, who not only performed the first successfully human laryngeal transplantation, but above all paved the way for this work in extensive studies on the suitability of different immunosuppressant substances for larynx transplantations \[[@R222]\], \[[@R223]\], \[[@R224]\], \[[@R225]\], \[[@R226]\], \[[@R227]\], \[[@R228]\], \[[@R229]\], \[[@R230]\], \[[@R231]\].

In 1998, in a milestone operation, Strome transplanted an entire larynx with cranial trachea, large sections of the hypopharynx and the thyroid gland into a 40-year-old patient who, following a motorcycle accident and multiple operations, was left with laryngeal damage that could not be otherwise reconstructed \[[@R227]\], \[[@R228]\]. Bilateral microvascular anastomosis was accompanied by an attempt at reinnervation by means of neurorrhaphy of the superior laryngeal nerve bilaterally and the recurrent laryngeal nerve on the right side (The left stump of the recurrent laryngeal nerve had been irrecoverably lost in previous surgical attempts).

In 2001, the working group published a follow-up on the first 40 months after the transplantation. An incipient immunological rejection reaction was brought under control by changing the immunosuppressant medication. The patient first reported sensations in the area of the larynx three months after the transplantation and eventually developed the ability to feed himself transorally. In the assessment of the treating physicians, vocal function improvement continued for 16 months after the transplantation. EMG revealed signs of reinnervation of the cricothyreoid muscle and the vocalis muscle. It did not prove feasible to achieve opening movements of the vocal cords sufficient for respiration by the end of the 40-month observation period. According to current reports, this objective has not been achieved to date, so the patient still relies on the tracheostoma. Currently, glottis resecting surgery, as performed in patients with bilateral vocal cord motion impairment from other causes, is being considered to facilitate decannulation.

In addition to Strome, Birchall et al. in the UK have also done extensive groundwork on establishment of laryngeal transplantation as a clinical standard in recent years. In numerous experimental studies, this working group has developed animal models to test methods of revascularization, reinnervation and the efficacy of immunosuppressants \[[@R232]\], \[[@R233]\], \[[@R234]\], \[[@R235]\], \[[@R236]\].

To sum up, we consider two problems in particular to have been the key hindrances to more rapid establishment of human laryngeal transplantation.

For one thing, most cases of total organ loss are due to malignant tumors. The immunosuppression necessary for every transplantation procedure must be critically assessed due to its negative influence on tumor defences. \[[@R237]\], \[[@R238]\], \[[@R239]\], \[[@R240]\], \[[@R241]\].

The second major difficulty is that the transplant is lacking in natural motor and sensory activity. If the technically demanding laryngeal transplantation leads to a marked improvement of the quality-of-life for the patient, further efforts will have to be made in the direction of aspiration-free swallowing, respiration capacities that suffice to support physical exertion and satisfactory vocalization. A thorough and functional reinnervation of the transplant is necessary to achieve these ends.

The ethical implications of transplantation of other people\'s *voice*must also be considered \[[@R242]\], \[[@R243]\].

It will surely take some time before laryngeal transplantations become routine clinical procedures. The side-effect profiles of modern immunosuppressants have been greatly improved so that, for example, liver transplantations in patients with hepatocellular carcinoma have now been performed under immunosuppression \[[@R244]\].

Post-laryngectomy patients should be offered the perspective of a laryngeal transplantation to follow the healing period. It appears unlikely, however, that patients who have received radiotherapy will be candidates for the procedure due to problems to be expected with revascularization and reinnervation.

6. Reanimation of the Larynx
============================

With glottis-dilating surgery, as described in chapter 3, the best that can be achieved is a compromise in terms of the balance between vocal and respiratory laryngeal function. We know from clinical experience that patients with a minimum of residual mobility in one vocal cord with bilateral motion impairment rehabilitate more readily than patients with bilaterally fixated vocal cords. This reflects the special significance of preservation or recovery of a dynamic vocal cord position. For this reason, a number of groups are working on further development of methods of neuromuscular reinnervation of the larynx. As was made clear in the last chapter, reinnervation also plays a key role in the development of functionality in a transplanted larynx. There is also a group of scientists, currently still small, who are working on specific electrostimulation of the paralyzed larynx analogous to the way a pacemaker functions. Understood correctly, this procedure would not compete with reinnervation, but would rather complement it.

6.1 Reinnervation
-----------------

Different laryngeal reinnervation techniques have different objectives \[[@R245]\], among them the recovery of sensory function, glottic closure and glottic opening as well as increasing vocal cord tension.

Here we would like to take a closer look at current developments in the field of abductor reinnervation, which are among the reconstructive procedures used to treat compromised laryngeal respiratory function.

A basic objective of all reinnervation techniques is recovery of an effector muscle connection, in this case the glottis opener, i.e. the posterior cricoarytenoid muscle (PCA), with a nerve that stimulates the muscle synchronously with inspiration.

As in any case of neural severance, neurorrhaphy is the first reconstruction method up for discussion. Use of this method for the recurrent laryngeal nerve (RLN) was described as early as 1909 by Horsley \[[@R246]\]. In contrast to other nerves, the extralaryngeal RLN does not show the typical fascicular organization featuring distinct opener and closer bundles \[[@R247]\], \[[@R248]\]. This nerve is most frequently damaged along its extralaryngeal course in the thyroid gland region. The rehabilitation results of end-to-end anastomoses of the RLN for damage in this segment are therefore not reliably predictable. The reason for this is synkinetic reinnervation. Even though the post-reinnervation EMG reveals potentials, the glottic opening is stimulated synchronously by agonists and antagonists and vocal cord mobility remains impaired \[[@R249]\]. Since synkinetic reinnervation is not the rule, Chou et al. still recommend in a current publication, assuming probable RLN severance in a thyroid operation, revision of the surgical region and a primary neurorrhaphy procedure \[[@R250]\]. The revision may also help reveal and eliminate haematomas or ligations in the area around the dysfunctional RLN. In a case of bilateral traumatic severance of the RLN in our experience, we observed at least a residual opening of the larynx post neurorrhaphy, which movement sufficed for closure of the tracheotomy. However, a small proportion of patients who readily contemplate legal action can be expected to file subsequent damages suits against the physician performing the neural revision if function is not restored following iatrogenic neural damage. A highly detailed and critical discussion with the patient is recommended, including clear references to the uncertainty of therapeutic success. As with neurorrhaphy, synkinesias also occur in significantly greater numbers of cases than was previously assumed in cases of spontaneous reinnervation of the RLN following iatrogenic trauma or idiopathic paresis. In a multicentric retrospective analysis, colleagues in Innsbruck found EMG evidence of synkinesia in 67% of patients with unilateral paresis \[[@R251]\]. Zealear even mentions a figure as high as 85% \[[@R252]\]. The rarity of clinical observation of a pronounced atrophy of the muscles of the vocal cord in RLN paresis (for example in cases of damage to the vagus trunk) may be an indication that reinnervation is the rule. Judging from the extent of functional impairment resulting from pathological reinnervation, Crumley \[[@R253]\] differentiates four types of synkinesia (see Table 2 [(Tab. 2)](#T2){ref-type="fig"}).

While this system reflects the wide spectrum of therapeutic situations encountered in practice, it fails to differentiate between unilateral and bilateral paresis.

In recent years, considerable progress has been made in suppressing collateral *sprouting*and growth into the false axon around the neurorrhaphy region in the facial nerve. Sprouting was reduced by means of local application of antibodies that block neural growth factors \[[@R254]\]. Wrapping the nerve anastomosis with olfactory epithelium releases mediators that enhance axonal pathfinding \[[@R255]\], \[[@R256]\].

Kanemaru et al. succeeded in a current animal experiment in realizing an RLN anastomosis at a distance of 10 mm from an implant corpus (absorbable polyglycolic acid tube) \[[@R257]\], \[[@R258]\]. Such a procedure is of useful relevance if otherwise an end-to-end anastomosis can only be realized under tension. Spanning greater distances becomes particularly interesting when the proximal neural stump is no longer available and a *donor nerve*is to be used to replace the RLN.

Many different nerves are used as donor material. Whereas the ansa cervicalis and the hypoglossal nerve are at the focus of a number of publications on reanimation of glottic closure \[[@R259]\], \[[@R260]\], \[[@R261]\], \[[@R262]\], \[[@R263]\], the phrenic nerve is best suited to achieve an improvement in respiratory function \[[@R264]\], \[[@R265]\], \[[@R266]\], \[[@R267]\]. However, the resulting unilateral phrenoparalysis, itself a hindrance to respiratory function, restricts its use. The great neural distance of intercostal nerves makes them unsuitable. The terminal branches of the ansa cervicalis to the omohyoid muscle and sternothyreoid muscle and the superior laryngeal nerve also show some inspiratory activity and are therefore potential candidates as well.

Something all donor nerves have in common is that an end-to-end anastomosis to the RLN with synchronous stimulation of the adductors does not open the glottis. Possible courses of action include either selective severing of the adductor branch of the RLN \[[@R268]\] with reinsertion of it into the PCA \[[@R265]\], or a motor block of the adductors using botulinum toxin.

Tucker is credited with using a nerve-muscle pedicle (NMP) as a alternative to neurorrhaphy for selective reinnervation of the PCA \[[@R269]\]. In this technique, developed with laryngeal transplantation in mind, the nerve, in this case the ansa cervicalis, is implanted directly into the venter of the muscle. Sprouting nerve fibres later reach the motor endplates of the target muscle, in this case the PCA. Although Tucker recorded successes in 74% of his patients, other surgeons were unable to duplicate his results. It may be that the surgical trauma results in cicatrizations with negative secondary effects on the functional gains. The muscle-nerve-muscle neurotization from an innervated to a denervated muscle described in 2001 by Hogikyan et al. represents a current update on this issue \[[@R270]\], \[[@R271]\]. We see potential uses for this technique in bilateral reanimation of the larynx, e.g. in transplantations in which a donor nerve is required for only one side and neurotization on the other side can be realized in the form of such an MNM bridge. Be that as it may, the validity of the method requires further testing.

A current development in reinnervation of the larynx is the application of growth factors to regenerate the denervated muscle using genetic therapy techniques \[[@R272]\], \[[@R273]\], \[[@R274]\], \[[@R275]\], \[[@R276]\]. We ourselves are planning applications of human stem cells in support of selective reorganization of the muscle tissue following reinnervation.

The Vanderbilt group working under David Zealear recently demonstrated that electrostimulation of the denervated muscle during the reinnervation process results in *selective reinnervation*\[[@R252]\], \[[@R277]\], \[[@R278]\], i.e. a reduction of synkinetic reinnervation.

If further studies confirm that the reinnervation process can be influenced by targeted electrostimulation and perhaps also enhanced by means of genetic therapy techniques, we will in future no longer have to wait for spontaneous \"healing\" with its inherent tendency towards synkinesia.

6.2 Electrostimulation (pacemaker)
----------------------------------

Functional electrostimulation (FES) revolutionized medical practice with introduction of the cardiac pacemaker by Zoll \[[@R279]\]. The irreversible failure of neural control in important muscle systems, especially in the aftermath of strokes and transverse cord lesions with paraplegia, led to highly intense research on FES in the 70s and 80s.

Zealear and Dedo were the first to develop the concept of electrostimulation of the paralyzed larynx in 1977 \[[@R280]\]. The idea of inspiration-synchronized electrostimulation and the term \"pacemaker\" for laryngeal FES are attributed to Obert. Bergmann (Charité) developed a chest wall sensor to synchronize triggering of the PCA stimulation with respiration and performed extensive long-term stimulation experiments with dogs \[[@R281]\], \[[@R282]\], \[[@R283]\], \[[@R284]\], \[[@R285]\], \[[@R286]\], \[[@R287]\], \[[@R288]\], \[[@R289]\], \[[@R290]\]. Otto based development of an inspiration-synchronized trigger for PCA stimulation on diaphragm EMG signals \[[@R291]\], \[[@R292]\]. In search of further trigger mechanisms, Kim worked out the idea of making use of the changes in pharyngeal temperature that accompany respiration \[[@R293]\]. Zealear considered using intrathoracic pressure to synchronize electrostimulation \[[@R294]\].

The systematic analysis of the stimulus-muscle response characteristic of the PCA muscle in a dog model by Sanders proved an important milestone \[[@R295]\].

Zealear and the Vienna group working under Zrunek refined the parametric definitions as the basis for chronic stimulation \[[@R296]\], \[[@R297]\], \[[@R298]\], \[[@R299]\], \[[@R300]\].

Bergmann had tested his implant in long-term animal experiments and had obtained the necessary permits to begin testing it in humans when changes in healthcare regulations, in 1989, prevented him from continuing.

The first publication on temporary electrostimulation of the PCA muscle in humans is credited to Zealear et al. (1996) \[[@R301]\]. They applied stimulation during a thyroplasty procedure for unilateral paresis. Once the necessary advances in equipment engineering were in place to allow for clinical testing of the first fully implantable laryngeal pacemaker, a total of 7 patients received pacemaker implants from 1995 to 1997 within the framework of a transnational study \[[@R302]\]. All of the patients included in the study unterwent previously tracheotomy.

One (female) patient suffered an early infection that later led to removal of the implant. A stimulated opening movement was confirmed in 5 of the remaining 6 patients. Closure of the tracheostoma was possible in 4 of the patients, whereby one (female) patient rejected decannulation. Vocal quality did not suffer in any of the patients.

Although a number of problems remain to be solved, this pioneering study demonstrated that pacemaker applications in treatment of bilateral vocal cord motion impairment are feasible and effective in principle.

Some of the problems were of a technical nature, such as the electrode corrosion described in three of the patients. In view of the fact that the implant device used to date (Itrel II, Medtronic, USA) was developed for treatment of chronic pain, its electrode design and parametric flexibility are not optimally adapted to the requirements of laryngeal applications. It is not yet possible to synchronize triggering of the stimulation signals with the patient\'s respiration. The opening stimulation is generated at a fixed rate of 10 stimuli per minute, to which rate the patient must adapt his or her breathing. Therefore, interruptions of phonation, and theoretically aspiration as well, may occur when glottis opening is stimulated during swallowing. In Zealear\'s opinion, the strength of voluntary patient glottic closure is stronger than the stimulated opening, enabling the patient to \"override\" it \[[@R302]\].

In our view, the lack of respiration-synchronized triggering is an essential drawback to this system. In a research project sponsored by the BMBF, we are currently attempting to remedy this situation by using a newly developed implant. The objective is to avoid frustrated respiratory effort against a closed glottis when respiratory rate and rhythm change. Benefit in terms of quality of life must be measured in terms of the degree to which normal physical exertion becomes supportable. It must be possible to raise respiratory frequency in response to sporting or other physical effort, e.g. on the job. Abdominal pressure must not be interrupted by an involuntary opening of the glottis. (see Figure 2 [(Fig. 2)](#F2){ref-type="fig"})

We are also concerned that the electrode design be better adapted to anatomical dimensions. The Itrel implant is only capable of single-channel stimulation. One of Zealear\'s (female) patients experienced a slight electrode dislocation during the long-term course following implantation. With development of array electrodes and multiple-channel stimulation, we want to make sure the optimum stimulation points in the PCA muscle, the segments designated as electrophysiological \"hot spots\" \[[@R300]\] with the strongest muscle response to the stimulus, are reached. Another objective is the possibility of later replacement of the stimulating array electrodes in case of minor dislocations.

Furthermore, bilateral stimulation should be made possible to provide for better adaptation to physical exertion and ensure emergency reserves in case of unilateral stimulation failure.

A pacemaker device suitable for routine clinical use will become available in the foreseeable future. Functional electrostimulation (FES) in treatment of bilateral vocal cord motion impairment has decisive advantages over irreversible static enlargement of the airway cross-section by means of glottis-dilating surgery, since it does not diminish vocal and swallowing functionality and dynamically increases the airway cross-section.

Pacemaker support is required to ensure the functional success of a laryngeal transplantation until functional reinnervation has been established.

Recent informations in the field of reinnervation make it clear that FES does not represent a competing procedure, but rather a useful supplementation, to reinnervation surgery, since the extent of synkinetic reinnervation can be reduced by this method.

Practice heretofore has involved waiting for possible reinnervation, during which period the muscle tissue is reorganized, the joint capsules shrink and uncontrolled (synkinetic) reinnervation has a chance to get started. Early application of the pacemaker (instead of tracheotomy) should be a main focus of the minimally invasive electrode application procedure.
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